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Velocity and Temperature Measurements
in a Low-Power Hydrazine Arcjet

S. A. Bufton* and R. L. Burton¥
University of Illinois at Urbana- Champaign, Urbana, Illinois 61801

Recent advances have been made in low-power (1-2 kW) arcjet performance with the aid of numerical,
nonequilibrium plasma flow models. Consequently, validation of these models through experimentation
has become increasingly important. We discuss diagnostic probe techniques for measuring the exit plane
flow of a 1 kW class hydrazine thruster. A spatially resolved time-of-flight electrostatic probe method is
described for measurements of radial profiles of the plasma axial velocity u,. These measurements are
combined with previous quadruple probe measurements of 7, and the ion speed ratio u,/c,,,to estimate
the ion temperature T, resulting in T,/T, ~ T, /T. ~ 0.4 at the thruster exit. The exit plane data for u,
and T, are compared with computational arcjet model predictions and previous experimental results,

showing substantial agreement.

Nomenclature
A, = probe surface area, m’
Com = most probable thermal speed, m/s
d* = constrictor diameter, mm
f = hydrogen ion fraction ny/n.
Lo = arcjet operating current, A
I = jon saturation current, A
k = Boltzmann constant, J/K
m = particle mass, kg
m = propellant flow rate, mg/s
n = particle density, cm >
P = thruster power, kW
rp = probe radius, mm
T = temperature, K, eV
t = time, ws
U; = ion axial velocity, m/s
V. = arcjet operating voltage, V
Vo = electrode relative bias voltage, V
X = axial distance from thruster exit plane, mm
v = angle of probe to flow velocity, deg
) = flow divergence angle, deg
0 = angle of probe to axis, deg
Ao = Debye length, m
Amp = collision mean free path, m
b, = sheath potential at wall, V
Subscripts
e, i, n = electron, ion, neutral species
ex = exhaust
8 = gas

Introduction

HE hydrazine arcjet thruster, after 35 years of research
and development, has only recently been applied to com-
mercial satellites.' Because improved arcjet performance is de-
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sired for continued commercial application, detailed diagnos-
tics and accurate numerical models have become increasingly
important as design tools. In this paper, we present results for
velocity, electron temperature, and heavy particle temperature
at the exit plane of a 1-kW hydrazine arcjet. These results give
physical insight into arcjet operation and provide data for the
validation of arcjet models, used to design arcjets with im-
proved efficiency, specific impulse, and thruster lifetime.

The arcjet used in this study is a 1 kW constricted arc type.
The 225:1 nozzle is a 20-deg half-angle cone with a throat
(constrictor) diameter d* = 0.63 mm, and an anode-cathode
gap of 0.58 mm. A mixture of 1 mole of nitrogen to 2 moles
of hydrogen is used to form simulated hydrazine. This is used
for reasons of safety and cost and to allow comparison with
previously published results. The hydrazine is delivered to the
arcjet from separate flow controllers at a combined rate of 50
mg/s. The arcjet is driven by a power processing unit (PPU)
that supplies a nominal 10 A dc current on which a triangular
waveform, or ripple, is superimposed. This current ripple pro-
duces a corresponding variation in plasma parameters, as de-
tected by oscillations on probe signals in the plume.® The arcjet
power at 10 A operation is 1.12 kW.

Electrostatic probes have found much use in space and lab-
oratory plasmas. Several researchers have employed classical
langmuir® single probes in the characterization of low-power
arcjet plumes.” ® An alternative to the single probe is the triple
electrostatic probe,'”” "> which allows simultaneous time-de-
pendent measurement of 7, and n. at a constant probe bias
voltage. A further variation is the quadruple electrostatic
probe,”™' which combines the triple probe with a crossed
probels’ " to measure the ion speed ratio u;/c,, (plasma
velocity/ion most probable thermal speed) in flowing plasmas,
in addition to 7. and n.. Flush-mounted single probes are also
being used in the arcjet anode to measure current density 7,
n,, and sheath potential ¢, at the nozzle wall."

Velocity and Temperature Measurements

While several researchers have performed velocity and tem-
perature measurements on low-power arcjets operating with
ammonia and hydrogen propellants, few studies have investi-
gated hydrazine. The research by Zube and Myers™ remains
the only comprehensive internal nozzle study of the state of
the plasma in a low-power hydrazine arcjet, employing emis-
sion spectroscopy techniques inside a 1-kW arcjet nozzle.
Their results implied that thermal kinetic nonequilibrium was
significant between the heavy particles and the electrons. They
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also noted excitational, rotational, and vibrational nonequilib-
rium among the heavy particle species.

Emission spectroscopy has also been applied to the interior
nozzle region of a 26-kW class ammonia thruster’" and to
arcjet plumes.n’z(’ The laser induced fluorescence (LIF) tech-
nique has been used successfully to measure heavy particle
temperatures and exit plane velocity profiles in ammonia® >
and hydrogen™ > arcjets. Results showed velocity slip be-
tween the N and H species, with the atomic nitrogen axial
velocity ~9% larger than that of atomic hydrogen.

These results contrast those of Liebeskind et al.,”* who in-
vestigated velocity slip in a 1-kW helium-seeded hydrogen
arcjet via LIF measurements. The upper limit of the slip be-
tween the two probed species was ~2%, which was also the
uncertainty of the velocity measurements. They also noted that
the measured kinetic temperatures of H and He agreed to
within 6%.

Finally, a velocity measurement technique called current
modulation velocimetry (CMV) was developed and imple-
mented on a 1-kW hydrogen arcjet,*” from which the time-
of-flight (TOF) electrostatic probe technique employed in the
present study is derived. In this technique, a short-duration
current pulse is superimposed on the arcjet steady-state oper-
ating current, causing a momentary change in the emission
characteristics of the tagged flow, which is monitored optically
at two axial locations in the plume. The plasma velocity is
inferred by measuring the time required for tagged plasma to
traverse the axial distance between detectors. This technique
followed from the emission ripple velocimetry (ERV) tech-
nique developed by Spores et al.,” in which plasma velocities
were inferred by monitoring natural fluctuations in the plasma
emission.

Velocities have been measured elsewhere in electric propul-
sion devices using TOF electrostatic double probes.™*"* For
the TOF technique used in the present study, a double-probe
configuration is not used because of the size constraints placed
on the TOF probe by the small volume of the plasma to be
probed.

Power Processing Unit

Periodic oscillations or ripple generated by the PPU cause
fluctuations in the signals of the two TOF electrodes. However,
these fluctuations are difficult to interpret for velocity mea-
surements because the expected time delay between the TOF
signals (~1 ws) is much smaller than the 53-pus period of the
PPU-supplied current ripple. By artificially imposing a narrow
pulse on the arcjet current, which causes a short-duration fluc-
tuation, the resolution of the TOF technique can be greatly
improved over one using PPU ripple. That is, the temporal
location of a fast fluctuation is more easily discerned than that
of a much longer (53-ps) effect.

TOF Velocimetry Diagnostic

The TOF technique, used here for measuring spatially re-
solved velocities in the arcjet plume, uses a short-duration cur-
rent-deficit pulse superimposed on the arcjet current to produce
a local electron saturation current minimum, which is detected
by a miniature electrostatic TOF probe. The probe provides a
spatial resolution of 5 mm, eliminating the need to Abel-invert
the data as required by line-of-sight optical methods. Figure 1
shows the TOF probe, which consists of two 0.75-mm-diam
tungsten wires, electrically insulated along most of their length
by two 1.6-mm o.d. alumina tubes. The exposed length of each
tungsten electrode is 0.25 mm, the exposed area is 1.03 mm?,
and the axial separation between the two electrodes is 5.0 mm
(£2%). The elevation of the probe is such that the arcjet thrust
axis is centered between the two sensing electrodes. The TOF
electrodes are biased 24 V above the grounded arcjet anode to
monitor the local electron saturation current density at each
measurement location. The probe responds to variations in the
probe saturation currents as the plasma convects over the two
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Fig. 1 Schematic views of the a) TOF electrostatic probe and b)
quadruple probe (Ref. 14).

TOF electrodes, with the flow velocity determined by the tem-
poral separation of these signals and the electrode separation.

No effort was made to clean the probe by electron or ion
bombardment. Although langmuir probe contamination can
have a marked effect on 7. measurements,m'13 the TOF probe
detects the arrival time of plasma density fluctuations rather
than T, variations and, therefore, is relatively insensitive to
contamination.

Probe Length Scales

For conditions expected at the exit plane probe location (7,
~ 0.6 eV, n. ~ 4 X 10” cm™?)," the Debye length is 3 X
107* cm and the ratio of electrode radius to Debye length is
rp/Ap = 125. For the probe located 5 mm downstream, this
ratio increases to r,/Ap ~ 150. Thus, the sheath surrounding
the electrodes can be classified as thin. Although the probe is
physically intrusive, the probe electrodes (0.75 mm diameter)
are in the near-free molecular flow regime (A, > r,,). The ratio
of the nozzle exit plane area to probe frontal area is 160, and
probe blockage is expected to be acceptably small.”> Further-
more, probe-plasma collisional perturbations are expected to
be similar at each electrode, thereby having a minimal effect
on the differential convective time delay.

The TOF probe is accurately positioned and repeatably
swept through the thruster plume with the probe mount system
shown in Fig. 2. The complete assembly is fastened to a step-
per motor mounted on a linear translation carriage."* The motor
and probe assembly carriage are capable of =5 cm linear trans-
lation perpendicular to the arcjet axis, allowing the probe to
be manually swept through the plume at ~20 cm/s. Carriage
and probe position are determined to 0.25 mm during the TOF
pulse by a precision fast response 10-k{) linear potentiometer
(Fig. 3) coupled to the carriage manual drive shaft. Probe po-
sition is determined by calibrating the potentiometer output
against the o.d. of the anode. The probe support arm is coupled
directly to the step motor shaft with the probe tip on the shaft
axis (Fig. 2), allowing the probe angle to be varied in 0.9-deg
increments without changing the probe tip location.

Probe elevation is repeatably located to within 0.5 mm by
aligning the probe center with a line etched on the arcjet anode.
The separation between the probe tip and the thruster exit
plane is reliably set with 0.1 mm accuracy with a spark gap
gauge. For a 1.0-mm probe-to-nozzle spacing, the gap is set
at 1.7 mm, because the arcjet mount deflects into the tank 0.7
mm when applying vacuum, introducing a systematic error that
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Fig. 2 Schematic of the probe mount. The step motor can be
rotated in 0.9-deg increments to align the probe axis with the
velocity vector, and the entire assembly can be translated perpen-
dicular to the thrust axis to sweep across the nozzle exit plane.

does not affect the relative spacing of subsequent axial probe
positions.

Current Deficit Circuitry

The circuit used to modify the arc current (Fig. 3) is similar
to that used in previous CMV studies.** The current pulse is
initiated by closing, for a few microseconds, a switch to a 1-
s time constant resistor- capacitor (R-C) circuit in parallel
with the arcjet, causing a sudden decrease in arc current while
the capacitor charges. The R-C element used in this study
consists of a 0.1-pf capacitor in parallel with a 1-MQ resistor,
both of which are in series with a 10-0) resistor. Originally,
the R-C circuit element was represented by a single resistor
(20-30 ), but ringing on the edges of the resulting square
current pulse obscured the desired TOF probe signals. Switch
closure is accomplished with a field-effect transistor (FET),
which is closed by the gate pulse as shown in Fig. 3. The
resulting short-duration current deficit results in a tagging of
the arcjet plasma, primarily in the arc constrictor region.

Because the gate pulse must be positive relative to the FET
voltage, and the arcjet cathode and FET operate at ~—100 V
below ground, the FET driver circuit (Fig. 3) is a necessary
buffer between the FET and the Hewlett-Packard (HP) pulse
generator. Because the probe is swept relatively slowly (20 cm/
s), the probe location is effectively frozen during the ~3-
4 s elapsed time between the initial trigger and the monitor-
ing of the tagged plasma at the TOF electrodes.

The effect of the current-deficit pulse on thruster operation
is shown in Fig. 4, which displays the arcjet current /.. and
voltage V.. vs time during a typical pulse. The effect of the
pulse on V,. and the magnitude of the current ripple are also
evident. The current drops suddenly when the FET switch
closes and the 0.1-wF capacitor begins to charge. After a few
microseconds, the current through the FET leg of the circuit
decreases, and the arc current resumes its normal waveform
after a small positive overshoot. The width of the current-def-
icit pulse is ~4 pus.

The response of V,. (Fig. 4) is to overshoot by ~20 V at
the end of the current-deficit pulse. There are several expla-
nations for this behavior. First, the derivative of the arc current
(dl../d?) has the same qualitative behavior as V,. during the
current-deficit pulse, suggesting an inductive voltage drop.
Second, the arc has cooled down during the deficit pulse, tem-
porarily increasing the plasma resistivity, and the voltage over-
shoots until the plasma can recover its original prepulse tem-
perature. Third, the overshoot may be generated by capacitor
ringing.

To trigger the current-deficit pulse accurately at each desired
radial location, use is made of the voltage output of the pre-
cision linear potentiometer, which is mechanically connected
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Fig. 3 Schematic of circuit used to trigger the arcjet current-
deficit pulse for TOF velocimetry. Momentarily closing the FET
switch diverts PPU current away from the arcjet.
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Fig. 4 Variation of I, and V. during the current-deficit pulse.
The pulse width is much smaller than the period of the PPU rip-
ple.

to the translating probe mount. The voltage of the desired mea-
surement location is set at the voltage comparator circuit (Fig.
3), which generates a single trigger signal to the HP 214A
pulse generator as the probe passes the desired radial position.

Effect of Current Ripple

The response of electrostatic probes at the exit plane is de-
termined by the local time-dependent values of n, and T,
which oscillate with the PPU-induced current ripple. Figure 5
shows a quadruple probe measurement of centerline ion satu-
ration current density j; ~ lw./A,, plotted with I, vs time.'*
The probe current is in phase with the arc current, except for
a delay of ~3-4 ws associated with the plasma convection
time from the arc-heating region near the constrictor to the
probe. Accounting for differences in average velocity and mea-
surement location, this delay for hydrazine is consistent with
previous triple probe results for the hydrogen arcjet.>

The time variation of 7, and n. on centerline because of
current ripple is detected by the signal response of a quadruple
probe' (Fig. 6). The upper curve, labeled V.5, is the voltage
difference between two electrodes of the quadruple probe and
varies linearly with T, for V. < 1.5 V. As current increases
from 9.2 to 10.8 A, the V., signal indicates that 7. decreases
10% from 7300 to 6600 K. The lower curve is the electron
saturation current and varies as ne(Te)l/z, or approximately as
n.. This current closely follows the phase of the PPU current
ripple (Fig. 5), indicating that while 7. is decreasing, n. in-
creases ~40% from a level of ~3 X 10'> cm ™. Thus, Figs. 5
and 6 indicate that the n, variation is in phase with the current
ripple and T. is 180 deg out of phase. Note that 7. is in phase
with the ripple of V.., which is out of phase with /... because
of the negative impedance characteristic of the arcjet. Thus, 7.
varies in phase with the local plasma electric field.

Unexpectedly, these results are reversed in phase from those
measured previously on a hydrogen arcjet with currentripple,”
for which n, decreased and 7. increased with increasing L. It
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Fig. 5 Arcjet current I, and ion saturation current density j;
showing the effects of the PPU ripple. The delay between I.,. and
Jais ~3-4 ps.
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Fig. 6 Variation of 7, and r_ with time, caused by input current
ripple. The voltage V , is proportional to 7, and current j; is
proportional to n(T,)"> ~ n.. Comparison with Fig. 5, on the same
time-base, shows that n_increases and T_decreases with increases
in the arcjet current.

is unclear at this time if this is an indication of a fundamental
difference in the operating physics of the hydrazine and hy-
drogen arcjets. On a steady current basis, increasing the arc
current decreases arc resistance, suggesting an in-phase rela-
tionship for 7. assuming predominantly coulomb collisions.
The reverse results for hydrogen are real, but not explained. It
is clear, however, that the T, and n, ripples are 180 deg out of
phase.

Because of the ripple-induced variation in 7, and n., mean
values of quadruple probe currents and voltages are used to
determine the mean values of 7., n. and u;/c,. This is
achieved by applying a moving average smoothing routine to
the raw data.

Experimental Velocity Results and Analysis

Electrostatic TOF probe experiments were carried out in a
1.5-m’ tank at ~200 mtorr ambient pressure. Measurements
were made at the thruster exit plane at a flow rate of 50 mg/s
of 2H, + N, to simulate fully decomposed hydrazine, at 10.0
A and 112V, giving P/m = 22 MJ/kg, in the middle of the
operating range for this arcjet.” Anode temperatures were mon-
itored with an optical pyrometer to determine the onset of
steady-state operation.

Probe radial surveys of velocity were performed in the arcjet
near-field plume, with the probe tip located 1.0 mm from the
exit plane. For each data point, the probe carriage and probe
were swept manually across the exit plane, generating a signal
on the linear potentiometer. The arcjet current-deficit pulse was
triggered from this at the same phase in the PPU currentripple
(Fig. 4), just after peak current, producing a convected wave
of low n,, which passed the staggered probe tips sequentially
(Fig. 1).

The TOF probe response, recorded digitally at 125 MHz, is
shown in Fig. 7 for a typical centerline axial velocity mea-

surement. The signal measured at the downstream electrode
has been increased by a factor of 6 to account for the lower
electron saturation current (lower 7. and n,) at that location.
Both the upstream and downstream electrodes show noise be-
ginning at t ~ 2 ws corresponding to the closing of the FET
switch. Approximately 3 ws later, the effect of the arcjet cur-
rent pulse is monitored as a decrease in the electron current to
the upstream electrode. After a <1 s time delay for the tagged
flow to traverse the 5-mm electrode separation, a similar de-
crease is noted at the downstream electrode. For both signals,
the width of the deficit in the electron current is ~4 s, ap-
proximately the same as that of the arcjet current deficit pulse.
The convective time delay is derived from the probe response
(Fig. 7) using the time delay between electron saturation cur-
rent minima, determined from the zero crossings of the time
derivative of the smoothed probe signal (Fig. 8).

Electron saturation current depends primarily on n. in this
regime, because the thermal speed varies less than 10% with
variations in 7.. Because the plasma is neutral on the milli-
meter length scale of the probe separation (A, ~ 10”° m), the
electron density deficit corresponds to an ion density deficit,
and the probe measures the ion convective velocity. This ve-
locity is also the neutral velocity, to the extent that the velocity
slip between ions and neutrals is small. This is believed to be
the case here, as indicated by LIF measurements™ > and cal-
culations of the heavy particle mean free path.

Results of TOF probe centerline velocity measurements are
shown in Fig. 9 for three separate cold-start sequences. The
data show that the centerline axial velocity initially averages
~6.0 km/s during thruster warm-up. After approximately
5-7 min of run time, the axial velocity averages ~6.5 km/s.
These cold-start data are consistent with previous results,
which indicate that exit plane n. measurements reach steady
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Fig. 7 Variation of the TOF probe signals during a typical cur-
rent-deficit pulse. The probe electrode signal delay is ~0.77 ps
(see Fig. 8).
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Fig. 9 Measured centerline axial velocity vs time for arcjet
warm-up. The numerical model prediction is also shown.

state after 4-8 min.” During the warm-up period, measured
velocities appear to vary between 5.8 and 6.3 km/s, although
these variations are smaller than the experimental uncertainty,
which is discussed later in this paper. Similarly, steady-state
centerline axial velocities vary from 6.3 to 6.7 km/s. In pre-
vious work,” utilizing CMV for a 1-kW hydrogen arcjet, sim-
ilar velocity fluctuations were observed, and it was determined
that the phase of the PPU ripple was not responsible. It is
unclear what may be causing the variation in the present mea-
surements.

The TOF probe was swept in radius to generate a radial
profile of axial velocity at the thruster exit plane. It was found
that using a fixed probe angle (6 = 0 deg) produced a flat or
even inverted profile with a velocity minimum on the center-
line, caused by misalignment of the probe with 3. An off-axis
misaligned TOF probe (6 < &) will have its downstream elec-
trode located on a faster velocity streamline. Additionally, the
electrode separation along the streamline is less than the ge-
ometric separation (5.0 mm) by the factor cos(d — 6). Both
of these factors artificially increase the measured axial velocity,
with the former having a greater effect than the latter.

Although the plasma streamlines are not known a priori, the
error associated with TOF probe misalignment for off-axis
measurements is reduced by aligning the probe with the ex-
pected flow vector. The flow divergence has previously been
measured 10 mm downstream from the thruster exit’ and is
expected to be larger than the flow streamline angle inside the
nozzle at the TOF probe location. For TOF measurements at
r=20,1, 2,3, and 4 mm, the probe angles were set at § = 0,
10.8, 18.0, 25.2, and 45.0 deg, respectively. The velocity V
measured in this manner is the component along the probe axis
and is related to the axial component by u = V cos 0.

Uncertainty in Axial Velocity Measurement

The experimental uncertainty in the TOF measurement of
the axial velocity has four sources: 1) the TOF electrode axial
separation; 2) the temporal resolution of the digitizing record-
ing oscilloscope; 3) determination of the time delay of the TOF
signals; and 4) probe misalignment with the plasma flow. Be-
cause interpretation of the TOF signal magnitudes is not a
prerequisite for determining the convective time delay, there
are no uncertainties associated with either the method of mea-
suring the collected current or theories governing the charged
particle collection. The magnitudes of these uncertainties are
summarized next.

1) The 5-mm spatial separation of the TOF electrodes was
repeatably measured with calipers to be 5.0 £ 0.1 mm, giving
a corresponding uncertainty in the velocity results of =2%.

2) The TOF electrode signals were sampled with an HP
54510A scope at a sampling rate of 125 MHz. Based on a
convective time delay of 1 ws, this resultsin a 1% uncertainty
as a result of the resolution of the oscilloscope.

3) The method used to discern the convective time delay
between the two TOF signals is estimated to be accurate to
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Fig. 10 Experimental measurements and numerical model pre-
dictions™ of the plasma axial velocity profile at the thruster exit.

within £10 sampling intervals, or ~0.08 ws. Based on the
measured time delays on the order of 1 s, this leads to an
*+8% uncertainty.

4) Because the plasma streamlines are not known a priori,
there is an additional uncertainty associated with misalignment
between the TOF probe axis and the flow divergence angle.
This uncertainty relates only to the off-centerline measurement
locations, as the flow divergence on the thruster centerline is
close to 0 deg because of the symmetry of the arcjet. An upper
limit can be placed on the magnitude of the associated error
by considering realistic limits of the misalignment for each
radial measurement location.

For locations near the thruster axis where the flow diver-
gence is expected to be slight, the uncertainty is small as well,
because the error ~ cos vy, where y = & — 0 is the difference
between the assumed flow divergence and the actual direction
of the flow. For locations far from the centerline (i.e., r = 3
and 4 mm), the uncertainty in the flow divergence angle is
much larger, and uncertainty in the axial velocity is larger as
well. Additionally, for probe misalignments greater than ~10
deg, the width of the probe seen by the plasma becomes a
significant percentage of the thruster diameter, and the spatial
resolution of the probe is compromised. Based on these ar-
guments, the additional uncertainties in the axial velocity mea-
surements caused by TOF probe misalignment are estimated
to be £0, £2, £5, =15, and £30% for measurements made
at radial locations of 0, 1, 2, 3, and 4 mm, respectively. Com-
bining these uncertainties, the rms uncertainties in the axial
velocity measurements are +8.3, £8.5, 10, £17, and £31%
for measurements made at r = 0, 1, 2, 3, and 4 mm, respec-
tively.

Figure 10 shows the resulting symmetric profile of axial
velocity measurements made at the thruster exit plane, with
the tip of the upstream electrode located 1.0 mm from the exit,
and probe midpoint at x = 2.2 mm. Also plotted is the profile
predicted by a computational model, as discussed next.

Derivation of Heavy Particle Temperature

In a previous study,14 the ion speed ratio u;/c,,, where c,, =
(2kT,-/m,-)”2, was determined for the same arcjet conditions.
Combining the u; measurements in this paper with those of the
ion speed ratio we can determine the quantity kT, /my)"?
and, hence, the ion temperature.

Uncertainties in the quadruple probe measurement of the ion
speed ratio u,/c,,u+ as a result of plasma composition,14 from
uncertainties associated with the crossed probe theory,”™'” and
from uncertainties associated with the probe area," result in
an overall rms uncertainty of £15%. Combining the centerline
uncertainties in u;/c,u+ (£15%) and u; (=10%) corresponds to
an uncertainty in ¢,, i+ of =20%. The mean free path for heavy
particle collisions (ion-atom, atom- molecule, etc.) at the exit
plane is 0.2-0.4 mm, a fraction of the electrode separation
distance, allowing the assumption of an equilibrium transla-
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tional temperature among these particles; i.e., T, = T, From
the dependence of T, =~ T, on (¢,,u+ ), this corresponds to an
uncertainty in 7, of £45%/—35% on the centerline.

A correction to T, is created both by the T, radial profile
and by the off-axis position of the perpendicular quadruple
probe electrode P, because P, collects ion current I, based on
the distribution of u; and T, along its 2 mm length. For a probe
on the centerline, the electrode current I, is understated be-
cause of the profile decrease in ion density and u; at the off-
centerline position of P,. Conversely, because 1, is proportional
to (T, ”2, a T; profile with a maximum at the centerline tends
to overstate the measured ion current at P,. Estimating a net
10% understatement of I, caused by the off-axis position of Py
increases the ratio u;/c,,;+ by 20%, and the value of T, is
reduced by 30%. This is combined with the centerline uncer-
tainty for an overall uncertainty of +5%/—50% (Fig. 11), and
in the data point at 2 mm (Fig. 12).

At a location x = 2.2 mm, the quadruple probe yields a value
of u;/c,.i- = 1.00 = 15%, so that the most probable speed for
H* is approximately equal to the directed ion velocity." For
the measured centerline velocity u; = 6.5 km/s, the heavy par-
ticle temperature is then 7, =~ T, ~ 3000 K. With previous
results for 7. ~ 7000 (Ref. 14), the degree of thermal non-
equilibrium on-axis at the thruster exit is indicated by T,/T, ~
0.4. In comparison, Zube and Myers,” using a similar hydra-
zine arcjet, spectroscopically measured 7T.. ~ 9000 K and
Tn,viv ~ 2500 K at an area ratio of 127, indicating a somewhat
higher degree of nonequilibrium than shown here.

Although axial velocity measurements for hydrazine arcjets
have not been previously published, the results presented here
can be roughly compared with exit plane velocities for 1-kW
arcjets operating on other propellants. Arcjets operating on hy-
drogen at 950 s specific impulse (average exhaust velocity ue
= 9.3 km/s), have centerline velocities at the thruster exit of
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Fig. 11 Experimental measurements and numerical model pre-
dictions™ of T, profile at the thruster exit.
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Fig. 12 Comparison of exit plane centerline gas temperature
measurements with numerical model predictions® and the ex-
perimental results of Zube and Myers.”

u; ~ 14 km/s (Ref. 30), or u;/u., = 1.5. In comparison, for this
hydrazine arcjet at 420 s (u., = 4.1 km/s) and u; = 6.5 km/s,
u;/u. = 1.6. The measured velocity is therefore close to the
value expected, based on a specific impulse argument.

Numerical Model

The strong coupling of ohmic, diffusive, viscous, and chem-
ical kinetic processes in an arcjet dictates the use of a complex
numerical model to predict details of the plasmadynamic flow.
At the same time, such models must be validated experimen-
tally to verify the results. A model developed by Megli et
al.***! is used here to predict velocity and gas temperature at
the exit plane.

The calculations incorporate an axisymmetric, steady, lam-
inar two-temperature kinetic nonequilibrium approach for
modeling an arcjet operating on N./H, mixtures. The model is
an axisymmetric, seven-species hydrogen/nitrogen plasma
code that solves the computational domain up to the exit plane.
Separate energy equations are formulated and solved for the
electrons and the heavy species. The tungsten anode temper-
ature distribution is included, and the plasma electrical con-
ductivity is coupled with the plasma properties, which allows
a self-consistent solution for the current distribution. The
model is capable of both chemical equilibrium and nonequi-
librium simulations. A complete discussion of the model and
assumptions has been presented elsewhere.*"

In Figs. 10-12, comparisons are made between experi-
mental results and model predictions for the 1-kW arcjet at 50
mg/s of simulated hydrazine propellant. The arc currentis 10.0
A for both model and experiment, and a chemical nonequilib-
rium simulation is employed.*’ Figure 10 compares the pre-
dicted axial velocity profile from the model and the results of
the TOF probe surveys. Agreement is excellent and within ex-
perimental error near the axis. The numerically predicted pro-
file is slightly narrower and more peaked than the measured
profile. This is an expected result because the model flow ex-
pansion is constrained by the nozzle, which differs from the
unconstrained expansion that occurs in the plume in the vicin-
ity of the TOF probe.

Figure 11 displays the probe-derived radial profile of heavy-
particle temperature in comparison with the numerical model
for r < 3 mm. Agreement is excellent for r < 2 mm and is not
good at r = 3 mm, probably because of probe misalignment
with the flow.

Figure 12 shows the results of N, vibrational and rotational
temperature measurements performed by Zube and Myers™ in
the nozzle of an identical thruster at I,. = 9 A and m = 47.6
mg/s, together with the value of T, determined in the present
study and the model heavy particle temperature prediction. The
centerline exit plane heavy particle temperature model predic-
tions agree favorably with this experiment (7 moia = 2800 K,
Teexp = 3000 K) and with the results of Zube and Myers.™

Summary and Conclusions

A spatially resolved TOF electrostatic probe technique for
measuring plasma axial velocity has been developed and im-
plemented in the very near-field plume of a 1-kW hydrazine
arcjet. A radial profile of axial velocity measured at the exit
plane has a peak centerline velocity of 6500 m/s at P/m = 22
MIJ/kg, consistent with the known thruster specific impulse.
Comparison with previous quadruple probe results for the ion
speed ratio u;/c,, yields T, = T; = 3000 K at the thruster exit
plane, and the degree of thermal nonequilibrium is quantified
as T,/T, ~ 0.4. The measured radial profile of T, is also sym-
metric.

The velocity and gas temperature results are compared with
previous experimental results and with the predictions of a
numerical H,/N, arcjet model. Agreement with the model is
favorable for both the exit plane centerline T, and radial T,
and u, profiles.
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